Neurological signs like ataxia and hind limb paresis have often been reported in cheetahs (Acinonyx jubatus), lions (Panthera leo) and snow leopards (Panthera unica). As a cause, copper and Vitamin A deficiencies have been discussed. Many cases were seen in cheetahs and lions in the United Arab Emirates (UAE) within the last years. The aim of this study was to find correlations between nutrition, serum, and tissue levels, focusing on copper and Vitamin A. Blood and tissue samples of affected and unaffected animals were analyzed at the Central Veterinary Research Laboratory in Dubai, UAE. Animals were split into three different groups (A, B and C) according to their diets. Minerals were determined in serum, tissue, food and water samples, and serum was additionally analyzed for Vitamin A and E. Liver, kidney and spinal cord samples were taken for histopathological investigations. Mean serum copper and liver copper levels of animals fed pure chicken muscle meat without supplements were significantly lower (0.41 ± 0.71 µM/L; 2.16 ± 0.95 ppm wet weight) than in animals fed a whole carcass prey diet (12.16 ± 3.42 µM/L; 16.01 ± 17.51 ppm wet weight) (p < 0.05). Serum Vitamin A and E levels were highest in animals fed whole carcass prey diets (1.85 ± 0.68; 27.31 ± 5.69 µM/L). Liver zinc concentrations were highest in animals fed pure chicken meat only (43.75 ± 16.48 ppm wet weight). In histopathology, demyelination of the spinal cord was found in all of the affected animals and most commonly when fed a diet based on poultry without supplements. C. Kaiser et al. 1979 
Material and Methods

Animals
Animals in this study originated from various private collections within the UAE. The age of these animals varied from 11 month to 12 years. Individual's history was taken from the medical history form or from pathology records when available.
In total, 76 animals were included in this study consisting of: 61 cheetahs (49 adults and 12 sub-adults) and 15 lions (8 adults and 7 sub-adults). They were divided into three groups, according to their base diet ( Table 1 and  Table 2 ).
Thirty-nine blood samples of adult and juvenile felids including 30 cheetahs (Acinonyx jubatus sp.) and 9 lions (Panthera leo) were tested for Cu, Se, Zn, VA and Vitamin E (VE) serum concentrations.
Necropsies were conducted on 43 animals, including 36 cheetahs and 7 lions. Liver samples were analyzed for Cu, Se and Zn. Histological examination was conducted on kidney, liver samples as well as spinal cord samples from the lumbar region. 
Diet
Analysis of the food and supplements the three groups were fed is presented in Table 3 .
Group A consisted of cheetahs only and included 17 individuals (15 adults and 2 sub-adults). Adult cheetahs of Group A were fed six days a week ( Table 1) . Their daily diet consisted of whole quails (1200 -1500 g, depending on the size and weight of the animal), including viscera and feathers. Birds were cut open and coated with 3.5 g Mazuri ® Carnivore Supplement 58QC for Slab Meat (Dietex International Ltd., P.O. Box 705, Witham, Essex, CM8 3TH, United Kingdom) and 1.5 g Copper-Trition (Equine Products [U.K.] Ltd, 22 Riversdale Court, Newburn Haugh Industrial Estate, Newcastle upon Tyne, NE15 8SG, United Kingdom) per day, and 2 -4 times per month pieces of a whole animal carcass like a rabbit or a gazelle was fed. The sub-adults (up to 1.5 years) in Group A received 1000 -1200 g of whole quails, sprinkled with 1 g of Nutrobal (VETARK Professional, P.O. Box 60, Winchester, SO23 9XN, United Kingdom) each day.
Group B included 24 animals (18 cheetahs: 13 adults and 5 sub-adults; 6 lions: 2 adults and 4 sub-adults), which were fed six days a week, primarily defrosted chicken with bones but without viscera and feathers ( Table  1 and Table 2 ). Cheetahs were fed a daily amount of 1000 -1500 g and lions 3000 -5000 g (depending on the age and size of the animal). Birds were defrosted in a warm water bowl for about 30 minutes. Additionally this Group C consisted of 35 animals (26 cheetahs: 21 adults and 5 sub-adults; 9 lions: 6 adults and 3 sub-adults). Animals were fed six days a week ( Table 1 and Table 2 ). Three days a week they received chicken with bones, and three days pure chicken muscle meat. Cheetahs got fed 1000 -1500 g and lions 3000 -10,000 g (depending on the age and size of the animal). No additional supplements were given.
All animals had access to water ad libitum.
Analytical Chemistry of Food and Water Samples
One hundred mL of water samples and 200 g of food samples from three facilities were tested for Ca, Cu, P, Se, and Zn concentrations at CVRL ( Table 3) . The food and water samples were analyzed by emission spectrometry in a Thermo Scientific iCAP 6000 Series ICP Spectrometer (Thermo Fisher Scientific Inc., 81 Wyman Street, Waltham, Massachusetts, 02454 USA).
Analytical Chemistry of Serum
Blood samples of 39 individual felids were collected and analyzed for Cu, Se, Zn, VA and VE concentrations ( Table 4) . For serum analysis, 5 -6 mL of blood were collected either during an annual routine health check or before euthanasia by venopuncture of the V. jugularis or V. cephalica, using a 19-gauge needle and a 10-mL disposable syringe. The blood was collected into serum vacutainers (BD Vacutainer ® Blood Collection tubes, BD Vacutainer Systems, Plymouth, Devon, PL6 7BP, United Kingdom) and transported in cooled containers to CVRL for analysis.
At CVRL the sera were diluted 10-times with de-ionized water. VA (retinol) and VE (α-tocopherol) concentrations were determined in serum, using an Alliance Waters 2695 Separations Module High-performance liquid chromatography (HPLC), and a Waters 2487 Dual Absorbance Detector (Waters Corporation, 34 Maple Street, Milford, Massachusetts, 01757, USA).
Serum Cu and Zn concentrations were determined using a Thermo Elemental iCE 3000 Series Atomic Absorption Spectrometer (AAS) (Thermo Fisher Scientific Inc., 101 Constitution Blvd, Franklin, Massachusetts, 02038, USA). For Cu, a wavelength of 324.8 nm was set and 213.9 nm for Zn. Three standards were performed for both elements for plotting a standard curve. For deuterium background correction a STAT (slotted tube atom trap) was used to increase the sensitivity of the analysis.
Se concentrations in serum were measured using a Graphite Furnace Atomic Absorption Spectrometer (Fisher Scientific UK Holding Company Limited, Solaar House, 19 Mercers Row, Cambridge, CB5 8BZ, United Kingdom). The serum was diluted 10-times with 0.05% Triton. The element was measured at a wavelength of 196.0 nm and deuterium was taken for background correction. Three standards were performed for plotting a standard curve. A matrix modifier solution containing 2% hydroxyl ammonium hydrochloride and 500 mg/L palladium was used to reduce the interferences.
Pathology and Histopathology
Necropsies were performed on 43 carcasses immediately after arriving at CVRL ( Table 5) . Fresh tissue samples were taken from kidney, liver and spinal cord of the lumbar region. Tissue samples were fixed in a 10% formalin solution. After using routine methods for the sample preparation, the samples were then stained with Hematoxylin and Eosin (H & E) and histological examined.
Analytical Chemistry of Liver Tissue Samples
Forty-three liver samples of 43 dead felids were processed and analyzed at CVRL after necropsy ( Table 4) . For the analysis of Cu, Se and Zn concentrations in liver tissue samples were digested with 5 mL 65% nitric acid and 1 mL 31% H 2 O 2 in Ethos Milestone Microwave Labstation (200˚C, 800 W for 10 minutes) (Milestone Inc., 25 Controls Drive, Shelton, Connecticut, 06484, USA). After the digestion the samples were made up to 10 mL or 100 mL with deionised water, depending on the concentration of minerals present. After sample preparation solutions were measured with the same method as performed with serum samples.
Statistics
For each blood and tissue parameter the mean concentrations (µM/L for serum and ppm wet weight for tissue samples), standard deviation (SD) and range were determined. All data are expressed as mean ± SD. The three groups (A, B and C) were compared to each other for serum Cu, Se, VA, VE and Zn as well as for liver Cu and Zn concentrations by one-way ANOVA using Tukey Post hoc tests in R (R Core development team [2013] : a language and environment for statistical computing and graphics. www.r-project.org). Values of p < 0.05 were considered as statistically significant.
Results
Clinical Signs
Out of the 76 individuals tested, 30.3% (23 animals) were affected with clinical neurological signs including ataxia, lack of coordination, swaying gait and hind-limb weakness from moderate to severe (Table 5) . These animals all showed normal appetite. In the final stages they were unable to stand, developed hind limb paresis and finally died or were euthanized due to poor prognosis.
None of the animals in Group A were affected with neurological signs whereas 4.0% (3 animals) in Group B were affected. In Group C 26.3% (20 animals) of the animals were affected including three animals (one subadult cheetah, one sub-adult lion and one adult lion) which also showed signs of ataxia but were still alive until the date tested ( Table 5) . Table 3 shows the results of the five parameters tested (Ca, P, Cu, Se, and Zn) in five different meat products and of the four different dietary supplements (including VA and VE levels of the supplements, received from the manufacturers) feed to Group A and B. Reference values for domestic cats are also presented for comparison [33] . Meat on bone (beef and chicken) including quails, had a Ca:P level of 1:1 whereas pure muscle meat had a Ca:P ratio of 1:55 (beef) and 1:28 (chicken). All five meat products were low in Cu, Se and Zn. Quail, beef muscle meat and beef on bone possessed the highest Cu values (0.0003 g/100g dry matter; 0.0002 g/100g dry matter respectively). When compared with the supplements, most of the elements were above the reference values for cats, especially Ca, Cu, and Zn [33] . However, Predator supplement (HEALTHtech laboratories (Pty) Ltd, 79 Landmarks Ave., Centurion 0157, South Africa) had a very low Cu content (0.0001 g/100g dry matter) and Copper-Trition (Equine Products [U.K.] Ltd, 22 Riversdale Court, Newcastle upon Tyne, NE I5 8SG, United Kingdom) a very low Ca content (0.049 g/100g dry matter).
Diet
Tab water samples from three different private collection breeding places showed similar ranges ( Table 3) . Ranges fell within the WHO values for standard water [35] .
Analytical Analysis of Serum
Reference values for serum and hepatic VA, VE and trace elements are limited for lions and other big felids, hence the results were compared to recently published data from cheetahs [8] [36] [37] . The values are presented in Table 4 and Figure 1 . C. Kaiser et al. 1985 Overall there were significant differences between the three groups for VA (F 2,20 = 3.84, p = 0.039), VE (F 2,20 = 14.06, p < 0.001), Cu (F 2,28 = 45.29, p < 0.001) and Zn (F 2,18 = 3.97, p = 0.037). Group A had the highest VA (1.85 ± 0.68 µM/L) and VE (27.31 ± 5.69 µM/L) concentrations whereas Group C had the lowest VA (0.45 ± 0.17 µM/L) and Cu (0.41 ± 0.71 µM/L) levels of all groups. There was no significant difference for serum Se between the three groups (F 2,21 = 2.909, p = 0.077). Group A was significantly higher than Group C for serum VA, VE (27.31 ± 5.69 µM/L; 15.88 ± 4.04 µM/L) and Cu (12.16 ± 3.42 µM/L; 0.41 ± 0.71 µM/L) values but not for serum Zn (10.48 ± 1.86 µM/L; 10.7 ± 7.51 µM/L). There were no significant differences between Group A and B for serum VA and Cu. Group A had significantly higher serum VE levels than Group B (27.31 ± 5.69 µM/L; 12.56 ± 7.98 µM/L) whereas Group A had significantly lower levels for serum Zn than Group B (10.48 ± 1.86 µM/L; 18.84 ± 6.26 µM/L). Group B was significantly higher than Group C for serum Cu (12.74 ± 4.26 µM/L; 0.41 ± 0.71 µM/L) but not for serum VA, VE and Zn (Figure 1). 
Pathology and Histopathology
The results of the gross pathology and histopathology of necropsies are presented in Table 5 .
Forty-three percent (n = 10) of the affected animals (n = 23) showed slight hind limb muscle atrophy. In histopathology, significant pathological changes were found in the central nervous system. Demyelination of the spinal cord, characterized by bilateral dilated myelin sheath of the white matter and vacuolization of the tissue was seen in all 20 felids that showed neurologic signs before death. Diffuse vacuolated myelin sheaths were seen in the spinal cord (Figure 2 and Figure 3) .
Skull malformation was seen in one lion of Group C. No amyloid was found in the liver or the kidney and no inflammation was seen in any of the cases. 
Analysis of Liver Tissue Samples
The results of liver tissue sample analysis are shown in Table 4 .
Overall there were significant differences between the three groups for liver Cu (F 2,41 = 14.40, p < 0.001) but not for liver Zn (F 2,19 = 0.204, p = 0.817) concentrations. Group A was significantly higher for liver Cu concentrations than Group C (16.01 ± 17.51 ppm wet weight; 2.16 ± 0.95 ppm wet weight) but not significantly higher than Group B (9.41 ± 6.41 ppm wet weight).
Discussion
Neurological disorders like ataxia, paresis and hind limb weakness have been described numerous times in cheetahs. Some authors associated their findings with Cu deficiency [21] [29] [30] , while others with viral infections in combination with high stress levels [27] [28] , where animals started showing ataxia and respiratory signs like nasal discharge and sneezing after stressful events like hand capture, transport or relocation, but no virus was found. However, an increased corticoid production in stress situations can occur which may decrease Cu retention [3] and could trigger Cu deficiency.
Cheetahs with ataxia and hind limb paresis in the above mentioned studies, showed atrophy of the hind limb muscles and severe demyelination with vacuolation of the spinal cord, which validates our findings [12] [21] [26] [29] [38] . The neurological disease in cheetahs, characterized by degenerative lesions of the spinal cord, causing ataxia and paresis is called "cheetah encephalomyelopathy" [39] . This disease is responsible for 25% of all deaths in the European Endangered Species Programme (EEP) cheetah population [39] however the exact etiology is still uncertain [13] .
Drug therapy had no real influence on the progress of this disease in previous cases [25] [26] except in one animal where progression of ataxia was inhibited by an anti-herpes drug [27] . Copper sulfate supplementation had no impact on the improvement of the clinical signs in cheetah cubs with ataxic signs at Nuremberg Zoo, Germany [27] but in another case in the USA, where cubs received oral and injectable Cu supplements, signs of ataxia improved within four weeks [20] .
Liver Cu values, which are only available through liver biopsy, are a better indicator for the Cu status than serum values and are the most responsive to changes in dietary Cu intake [40] . Serum Cu levels may remain within normal ranges whereas liver levels may fluctuate according to the needs of the animals. Therefore, liver values provide the best analysis to detect Cu deficiency [41] , though, with continued deficient Cu intake, serum Cu concentration will decline over time, which was shown to occur in animals of Group C. Since this study is a retrospective study, liver vitamin levels were unfortunately not available. This study shows that felids which were only fed pure poultry diet developed ataxia and hind limb paresis more often than animals that were fed an appropriately balanced diet with regular supplements. Since muscle meat does not contain a high amount of trace elements and vitamins, [15] not only Cu but other minerals like Ca and P should be monitored closely. The Ca: P ratio, which is ideally between 1:1 -2:1 [34] , is too low if only pure muscle meat is fed ( Table 3 ) and can result in metabolic bone disease [42] as well as Cu deficiency since high P intake depletes Cu retention [3] . As cheetahs are not able to consume large bones [43] , Ca needs to be supplemented when only pure muscle meat is fed.
A primary cause of Cu deficiency, which can be assumed for animals of Group C, can occur when not enough Cu is fed [44] . A secondary cause can be due to an excessive intake of antagonistic acting mineral such as Zn [1] [2] not only when fed in large amounts but also when animals do extensive licking at cages and therefore absorb a lot of Zn [44] . This behavior has been seen in some of the animals in this study.
Chicken muscle meat does not only contain an inappropriate amount of Cu for a balanced diet for captive felids, but it also has a high level of Zn (Table 3 ) and therefore, a diet based on chicken muscle meat without supplements may be a cause for the etiology of ataxia [19] [20] . Although serum Cu levels are not the best indicator for Cu deficiency, they should be analyzed when common signs like ataxia or paresis are visible. An early start on Cu supplements is recommended because felids will more likely respond to therapy [30] , therefore prognosis seems better for a reversal in signs of ataxia.
One unaffected cheetah was analyzed twice for serum values four weeks apart. This cat used to receive pure chicken muscle meat without any supplements before it was put on a more appropriate diet. The new diet included beef on bone with Predator supplement (HEALTHtech laboratories (Pty) Ltd, Cnr Douglas and Old Pre-toria Rd, Midrand, South Africa, P.O. Box 12,285, Vorna Valley 1686, South Africa). The serum Cu level was 8.00 µM/L before the diet was changed. After feeding beef on bone with supplements for four weeks, serum Cu concentration reached 17.80 µM/L. The same was seen with serum Se levels with 2.80 µM/L before and 4.79 µM/L after the diet change. VE levels were 5.40 µM/L and 16.20 µM/L respectively. There was not a big change in Zn (14.7 µM/L before and 13.6 µM/L after the diet change) and VA levels (0.20 µM/L before and 0.30 µM/L respectively). It is assumed that VA serum levels may react slower to diet changes than Cu serum levels. If the animal has a VA deficiency, serum VA levels may still be adequate for an uncertain amount of time [31] .
VA deficiency has also been associated with cases of ataxia in cheetahs [12] [13] and lions [14] - [18] [45], particularly when fed a lean red meat diet. Hypovitaminosis A has especially been reported in lions under one year of age. The rapid growth in that age seems a causal factor for that deficiency [15] . Skull malformations have been found in affected lions and was also seen in one of the tested lions in this study which showed neurological disorders before death [14] [15] [17] [31] .
A balanced nutrition for these obligate carnivores is important because hyper VA intake has shown to antagonize ingestion of VE and Cu [3] . Some supplements contain a high level of VA, therefore the level of VE and Cu needs to be monitored and it needs to be considered that VA can be toxic when fed >10,000 IU/kg in a diet [34] . Since the liver is the major storage organ for VA, liver VA concentrations are more significant than serum values. Therefore, a liver biopsy would be recommended as a diagnostic tool. Since this study is a retrospective study, liver VA values were unfortunately not available. Only an extreme depletion or overconsumption of VA is reflected in serum VA concentrations [31] .
It is very important that animals, especially cubs and infants, get a balanced nutrition with an adequate level of VA to avoid deficiencies. Blood mineral and vitamin concentrations may vary according to gender, age, environmental factors and nutritional intake (interactions with other minerals and vitamins) [8] .
In the wild, carnivores consume a wide variety of whole vertebrate prey (e.g. antelopes, birds) including skin, fur/feathers, viscera and bones. These prey animals eat a different diet in the wild than captive animals that are then fed to captive carnivores. For instance, a wild bird eats a more insectivorous diet in the wild than what a captive chicken is fed [46] . Hence a wild predator like a cheetah or a lion gets a more balanced diet in the wild than in captivity. Therefore, feeding whole carcass diets is more natural and enhances the animal's physical and psychological well-being.
Conclusions
In summary, the results in this study show that multiple nutritional deficiencies appear to be the cause for neurological disorders in these species. Not all animals in this study were tested for all analysis conducted in this paper due to the opportunistic collection of the samples.
Further investigations and correlations to minerals and vitamins influencing Cu and VA absorption need to be conducted. Because this study is a retrospective one, not all Cu and VA influencing factors are analyzed.
This paper provides an overview of the correlation between mineral and vitamin serum and tissue levels and further investigations are important and to be conducted.
